Recent evidence suggests that normal aging is typically accompanied by impairment in the ability to perceive the global (overall) motion of visual objects in the world. The purpose of this study was to examine the interplay between age-related changes in the ability to perceive translational global motion (up vs. down) and important factors such as the spatial extent (size) over which movement occurs and how cluttered the moving elements are (density). We used random dot kinematograms (RDKs) and measured motion coherence thresholds (% signal elements required to reliably discriminate global direction) for young and older adults. We did so as a function of the number and density of local signal elements, and the aperture area in which they were displayed. We found that older adults' performance was relatively unaffected by changes in aperture size, the number and density of local elements in the display. In young adults, performance was also insensitive to element number and density but was modulated markedly by display size, such that motion coherence thresholds decreased as aperture area increased (participants required fewer local elements to move coherently to determine the overall image direction). With the smallest apertures tested, young participants' motion coherence thresholds were considerably higher (∼1.5 times worse) than those of their older counterparts. Therefore, when RDK size is relatively small, older participants were actually better than young participants at processing global motion. These findings suggest that the normal (disease-free) aging process does not lead to a general decline in perceptual ability and in some cases may be visually advantageous. The results have important implications for the understanding of the consequences of aging on visual function and a number of potential explanations are explored. These include age-related changes in spatial summation, reduced cortical inhibition, neural blur and attentional resource allocation.
INTRODUCTION
The ability to effectively discriminate the movement of objects in the world around us is a fundamental part of visual perception. It requires us to be able to decode a constantly, and often rapidly, updated retinal image. These changing patterns of visual information that impinge on our retinas are generated, not only by multiple objects moving independently in the environment, often along different trajectories and at different velocities, but also by our own self-motion relative to stationary objects as we navigate our way through space.
Age-related declines in the ability to accurately decode the moving world have often been reported, particularly with respect to global motion patterns in which individual ("local") elements contribute to the overall pattern motion of a larger ("global") stimulus. The majority of studies that have investigated agerelated deficits in global motion perception have employed random dot kinematograms (RDKs) in which local elements, or dots, move along a translational trajectory (i.e., left or right; up or down). However, these studies have produced mixed results. Whilst some show a deleterious effect of age for translational global motion perception (e.g., Trick and Silverman, 1991; Wojciechowski et al., 1995; Tran et al., 1998; Billino et al., 2008) , others have failed to find differences (e.g., Gilmore et al., 1992) between young and old participants' performance. Other studies still have failed to find age-related deficits under some conditions but found impaired performance for older participants under others (e.g., Atchley and Andersen, 1998; Snowden and Kavanagh, 2006; Allen et al., 2010) . It is likely therefore that the degree of agerelated deficits in global motion perception is heavily dependent on the precise parameters of the RDK patterns used. For example, we (Allen et al., 2010) have recently demonstrated that when high contrast (30% Michelson) dots move at a speed of 5.6 deg/s, older and younger adults' motion discrimination performance are equivalent. However when dots were lower contrast (but still supra-threshold, <∼4 %) we found elevated motion coherence thresholds for older, compared to younger adults. These findings demonstrate the importance of contrast sensitivity in global motion perception.
The relative effects of other factors such as aperture area (overall stimulus size) and dot number/density on age-related global motion deficits are presently unclear, despite these being strong influences on performance in younger adults (see Hutchinson et al., 2012) . As the size of a stimulus increases, detection and discrimination thresholds typically decrease (e.g., Lappin and Bell, 1976; Anderson and Burr, 1991; Watson and Turano, 1995; Hutchinson and Ledgeway, 2010) . This is due to spatial summation whereby the larger stimuli contain more contrast energy and are thus more detectable. In older adults, however, there appears to be a further advantage for large, high contrast, moving gratings compared to younger adults. Betts et al. (2005) compared older and younger adults with high and low contrast sine wave gratings that subtended either 0.7 or 5 degrees. Whilst older adults required longer stimulus presentation times to discriminate motion direction than younger adults, with large high contrast stimuli they needed shorter durations than younger adults. In a similar task, with counter-phasing Gabor stimuli, matched for individual contrast sensitivity, younger adults showed less summation at higher contrasts than lower contrasts whereas older adults continued to show summation even at high contrasts. It has been suggested by some that these age-related differences may be due to differences in spatial suppression (Betts et al., 2005) in extrastriate cortical area V5/MT (Glasser and Tadin, 2010) or contrast sensitivity (Aaen-Stockdale et al., 2009) . One might expect a similar advantage for large global motion RDK patterns, but given that the effects of aging on summation area are not necessarily consistent between different stimuli (e.g., Dannheim and Drance, 1971; Schefrin et al., 1998) this is currently an unresolved issue.
Although studies suggest that increasing stimulus area may have differential effects in young and older adults for simple motion, none have investigated age-related differences in the context of global motion perception. In addition, the effects of age on performance for encoding other RDK parameters such as the number or density of individual elements (local dots) in the display are presently unknown. In the context of studies that have not specifically studied the effects of aging on motion vision, Barlow and Tripathy (1997) have shown, in a small sample of adults, that motion coherence thresholds decrease with increasing stimulus area. They also showed a nominal effect of local element density, although this only translated to an improvement of less than 20% over a 64-fold increase in local element density (1.7-111 dots/deg 2 ). Others (e.g., Williams and Sekuler, 1984) have found no effect of local element density on the probability of perceiving unidirectional flow in RDKs, although Eagle and Rogers (1996) have shown that increasing local element density may lead to an increase in D max (the maximum displacement for reliable direction identification). Dakin et al. (2005) have suggested that the number of local elements in the display is the principal factor that determines performance for discriminating global motion. Using an equivalent noise paradigm, they showed that local and global limits on direction integration are determined by the number of local elements in the display, irrespective of their density or indeed the size of the aperture in which they are displayed. Even if summation areas do not change with age, it is possible that the mechanism that serves to integrate over local motion elements is different, or at least subject to different constraints, in younger and older adults. Mapstone et al. (2008) , for example, found no differences in older adults' heading discrimination with moving stimuli of different sizes unless a conflicting pattern was presented in the periphery.
To address these issues we conducted three experiments to investigate how varying the number and density of local signal elements, and the aperture area in which they are displayed affects performance for discriminating the global direction of translational RDKs in young and older adults.
MATERIALS AND METHODS

PARTICIPANTS
Twelve young (mean age = 21.4 years, SD = 2.95) and 10 older (mean age = 72.9 years, SD = 2.33) participants took part in Experiment 1. 14 younger (mean age = 21.18 years, SD = 2.89) and 11 older (mean age = 72.82 years, SD = 2.23) participants took part in Experiment 2. 9 younger (mean age = 22.00 years, SD = 2.84) and 9 older (mean age = 71.33 years, SD = 4.21) participants took part in Experiment 3. All had normal or correctedto-normal visual acuity and normal binocular vision. Different groups of participants took part in each experiment. Older participants were screened for major head injuries and dementia using the mini mental state examination (Folstein et al., 1983) . All experimental methods adhered to the tenets of the Declaration of Helsinki and were approved by the relevant institutional ethics committees.
APPARATUS AND STIMULI
Stimuli were generated using a Macintosh G4 and presented on a P255f Professional monitor (refresh rate 75 Hz) that was gamma-corrected with the aid of internal look-up tables. Stimuli were RDKs depicting translational (up vs. down) motion. Dots (0.47 deg diameter) were high contrast (30% Michelson) and were presented in a central aperture on a homogenous "gray" background (background luminance 64.72 cd/m 2 ). Viewing distance was 92 cm. Each RDK was generated immediately prior to its presentation and was composed of a sequence of 8 images (each 53.3 ms), which when presented consecutively produced continuous motion lasting 426.7 ms. At the beginning of each motion sequence, the position of each dot was randomly assigned. On subsequent frames, each dot was shifted by 0.3 deg, resulting in a drift speed of 5.7 deg/s. When a dot dropped off the edge of the circular display window it was immediately re-plotted in a random spatial position within the window. In Experiment 1, aperture area varied in the range 28-227 deg 2 but dot number remained constant (64 dots), such that a two-fold increase in aperture area corresponded to a two-fold decrease in dot density (in the range 2.26-0.28 dots/deg 2 ). In Experiment 2, aperture area varied from 14 to 227 deg 2 but dot density remained constant (1.13 dots/deg 2 ) across experimental conditions, such that a two-fold increase in aperture area corresponded to an equivalent increase in dot number (in the range 16-256 dots). In Experiment 3, aperture area remained constant at 113 deg 2 and two dot densities (0.44 and 1.13 dots/deg 2 ) were presented. A stimulus schematic for each experiment is shown in Figure 1 .
PROCEDURE
The global motion coherence level of the stimulus was manipulated by constraining a fixed proportion of "signal" dots on each image update to move coherently along a translational trajectory (either upwards or downwards on each trial with equal probability). The remainder ("noise" dots) moved in random directions. Global motion thresholds were measured monocularly using a single interval, forced choice, direction discrimination procedure. The participants' task was to identify whether the global motion was upwards or downwards. The order of testing was randomized. Participants completed at least four 3-down, 1-up adaptive staircases (Edwards and Badcock, 1995) that varied the proportion of signal dots present on each trial, according to the observer's recent response history. The staircase terminated after eight reversals and thresholds (79% correct performance) were taken as the mean of the last six reversals.
RESULTS
In Experiment 1, dot number remained constant at 64 dots such that dot density decreased as aperture size increased. Findings are presented in Figure 2 which shows mean global motion coherence thresholds (% of signal dots required for 79% correct direction discrimination performance) for younger and older participants as a function of aperture size. Younger participants' performance was more markedly affected by changes in aperture size/dot density than that of older participants. A 2 (age) × 4 (aperture size) mixed analysis of variance (ANOVA) showed that there was a significant interaction between age and aperture size [F (1.535,30.709) = 4.568, p < 0.05]. Closer inspection of the data using one-way ANOVA, performed separately for each age group, confirmed FIGURE 2 | Experiment 1: Mean global motion coherence thresholds (% signal dots supporting 79% correct direction discrimination performance) for "young" and "old" participants as a function of aperture area. Dot number remained constant (64 dots) such that a two-fold increase in aperture area (in the range 28-227 deg 2 ) corresponded to a two-fold decrease in dot density (in the range 2.26-0.28 dots/deg 2 ).
Error bars = ±1 S.E.M. . Furthermore, for conditions in which the aperture size was relatively large (≥∼113 deg 2 ), there was no significant difference between younger and older participants' performance. However at smaller aperture sizes (≤∼57 deg 2 ), younger participants exhibited higher motion coherence thresholds (performance was worse) than older participants (see Table 1 for further details of t-test pairwise comparisons).
To separate the effects of aperture size and dot density, in Experiment 2, dot number increased with increasing aperture area such that dot density remained constant across conditions at 1.13 dots/deg 2 . Mean global motion coherence for younger and older participants as a function of aperture size are shown in Figure 3 . Even when dot density remained constant the findings were comparable to those in Experiment 1. A 2 (age) × 5 (aperture size) mixed ANOVA again showed a significant interaction between age and aperture size [F (4,88) performance, but for smaller aperture sizes younger participants motion coherence thresholds were higher than older participants (see Table 2 for further details).
To verify the robustness of our findings, in Experiment 3 mean global motion coherence thresholds were measured for younger and older participants for two dot densities (0.44 and 1.13 dots/deg 2 ) with a constant aperture size of 113 deg 2 (Figure 4) . We (Allen et al., 2010) have previously investigated the effects of age on translational motion perception using this particular aperture size and a dot density of 0.44 dots/deg 2 and found no difference between young and old participants when the dot contrast was relatively high (as it is in the present study). Consistent with our previous study, when the dot density was 0.44 dots/deg 2 , younger and older participants' performance was equivalent (t = −1.034, df = 16, ns). This was also the case at the higher dot density of 1.13 dots/deg 2 (t = 0.601, df = 16, ns). 
DISCUSSION
The findings of the present study have shown that changes in aperture size differentially affect global motion perception in young and old participants. At larger aperture sizes (≥113 deg 2 ), performance for younger and older participants was equivalent. Indeed there was no advantage for older adults at larger stimulus sizes (as might be predicted by the findings of Betts et al., 2005) nor was there an overall impairment for global motion perception. Older participants' performance was relatively unaffected by changes in aperture size. As aperture size decreased, however, younger participants' coherence thresholds increased (performance became worse), the result being that older participants actually exhibited superior motion perception compared to younger participants with smaller apertures. Our finding of decreases in performance with stimulus size for young participants are in agreement with those found previously by Barlow and Tripathy (1997) and the overall pattern of results was similar irrespective of whether local element density increased (Experiment 1) as aperture area decreased or remained constant (Experiment 2). The findings of Experiment 3 confirmed that the age-related differences in performance observed with small apertures was driven by image size rather than local dot density or dot number. A number of factors may contribute to the pattern of findings presented here. Each potential explanation is addressed in turn below.
COMPARISON WITH OTHER KEY STUDIES
There were no deleterious effects of age in any of the experiments in the present study, in that even in the worst case older adults performed equivalently to younger adults with aperture areas of ≥113 deg 2 (12 deg diameter). These findings are in agreement with those of some other studies that have used high contrast dots displaced over similar spatial extents on each frame of the motion sequence (which was 0.3 deg in the present study) and presented within similar sized regions (apertures Like the studies outlined above, Roudaia et al. (2010) have found that performance on global motion tasks is not invariably worse with aging, but rather depends on stimulus factors such as dot spatial displacement and inter-stimulus-interval. Moreover, the combination of these two factors appears to be important. They found that older adults' performance (% correct) for identifying the direction of two-frame apparent motion was markedly worse than their younger counterparts at relatively large spatial displacements and long inter-stimulus-intervals. However the two age groups performed at equivalent levels when the dots were displaced over 0.16 and 0.32 deg between frames, but only when the inter-stimulus-interval was relatively short (0.01-0.04 s for a spatial displacement of 0.16 deg and 0.01-0.02 s for a spatial displacement of 0.32 deg). In these studies, the size of the square region in which the 300 dots appeared was 6.4 deg (area 41 deg 2 ). At a similar image size (area 57 deg 2 ) in the present study, we found that older adults were better than younger adults. The differences between the findings of these two studies cannot be accounted for by differences in dot number/density as we discounted this in Experiment 3. As such, we speculate that these discrepant results could arise, in principle, due to other methodological differences between the two studies. For example the dots used by Roudaia et al. (2010) were approximately 8 times smaller in spatial extent than those used in the present experiments, perhaps making it especially difficult for the older participants to resolve the individual moving elements in their display. In a similar vein, the longer motion sequence duration in the current study (eight frames compared to only two in Roudaia et al., 2010) allowed older adults more integration time to determine the global motion direction and may have benefitted performance (e.g., Barlow and Tripathy, 1997) . This highlights the importance of examining how changes in specific motion sequence parameters affect motion perception in older adults, by varying them in isolation and also in conjunction with other parameters, and warrants further study.
SPATIAL SUMMATION
The findings presented here could potentially, in part, reflect smaller spatial summation areas in older participants. Thresholds for older participants appeared to plateau at relatively small aperture sizes, whereas those for younger adults appeared to continue to decrease as image size increased. However, how these findings fit with the existing literature in the spatial domain is unclear. Larger, rather than smaller, summation areas for older compared to younger participants have been reported for static targets under scotopic viewing conditions (e.g., Schefrin et al., 1998) . However, the majority of studies that have compared spatial summation for achromatic and chromatic static targets in young and old participants have, in the main, found no age-related differences in Ricco's area (Dannheim and Drance, 1971; Brown et al., 1989; Redmond et al., 2010) . This also appears to be the case for temporally-modulated targets (Zele et al., 2006) . Drawing meaningful conclusions about the relative spatial summation areas in younger and older participants is problematic, however, both in the context of the present study and in the context of the existing literature, for a number of reasons: (1) there is no reason to assume that the findings in the spatial domain are applicable to moving stimuli; (2) measures of summation area are heavily influenced by experimental variables such as stimulus type, adaptation levels and the statistical techniques used to determine Ricco's area, of which there are many (Redmond et al., 2010) ; and (3) interpreting experimental findings is difficult because, even where the "young" visual system is concerned, the physiological mechanisms underlying Ricco's area are still unresolved (e.g., Hartline, 1940; Davila and Geisler, 1991; Swanson et al., 2004; Pan and Swanson, 2006) . Finally, even if we accept that there are smaller summation areas for global motion in older adults, this does not address why their thresholds are so much lower than those of the younger participants at the smallest stimulus sizes tested.
CORTICAL INHIBITION
We are not the first to demonstrate enhanced motion perception in older adults, relative to their younger counterparts. Betts et al. (2005) for example have shown that older adults are better than younger adults at detecting moving high contrast sine-wave gratings when image size is relatively large. It has been suggested that these findings may reflect reduced cortical inhibition in older populations (e.g., Betts et al., 2005; Bennett et al., 2007) , specifically, reduced center-surround antagonism in area V5/MT (e.g., Leventhal et al., 2003; Tadin et al., 2003) . With high contrast stimuli, as image size increases, more of the stimulus falls into a putative detector's inhibitory region, reducing detection performance. For older adults, in their study, without this inhibitory region, performance continues to improve with increasing stimulus size.
This hypothesis can also be applied to our findings for global motion patterns as performance for encoding random dot motion has typically been assumed to reflect the underlying physiology of areas V1 and, particularly, area V5/MT. Direction-selective neurons in V1 encode the motion direction of local elements, the outputs of which project up-stream to area V5/MT (Movshon et al., 1985) . The larger receptive fields in V5/MT integrate the local motion responses from V1 into a global representation (e.g., Livingstone et al., 2001 ). In our case, within this framework reduced inhibition may lead to better performance at relatively small image sizes simply due to the absence of an inhibitory surround even with smaller receptive field sizes. This assumption may not be unreasonable given that many foveal-centered receptive fields, in primate MT, sample a region of space comparable in spatial extent to the smallest aperture sizes used in the present study (e.g., Gattass and Gross, 1981; Albright and Desimone, 1987) . One argument against the inhibitory surround explanation of older adults improved sensitivity with larger images is that it is, in part, mediated by baseline differences in the measure of interest such as contrast sensitivity (Aaen-Stockdale et al., 2009 ). For our stimuli, however, at the contrasts used, there are no significant baseline differences in our measure of interest (see Allen et al., 2010) . There is good support from elsewhere for the inhibitory hypothesis. Reduced cortical inhibition in the aging primate brain has been shown to produce improved cortical function and has been linked to age-related reductions in activity of the inhibitory neurotransmitter GABA (Leventhal et al., 2003) . Superior global motion perception (relative to controls) has also been shown in certain patient groups such as those suffering from schizophrenia (Tadin et al., 2006) where inhibition is known to be weak. Most recently, Tadin et al. (2011) have shown that applying repetitive transcranial magnetic stimulation (TMS) over area V5/MT can improve motion discrimination for large stimuli, an effect that they attributed to a TMS-induced weakening of surround suppression strength. As such, our findings may, at least in part, reflect reduced center-surround antagonism and hence less spatial suppression in area V5/MT in older adults.
NEURAL BLUR
It is well known that old age leads to a contrast sensitivity loss at intermediate and high spatial frequencies, that is likely to be due mainly to neural rather than optical factors (e.g., Weale, 1975 Weale, , 1986 Elliott et al., 1990) . Within the context of our RDK stimulus, which necessarily contains a broad range of spatial frequencies, superior performance in older participants may reflect changes within the visual pathways that effectively result in lowpass spatial filtering of the image. The result of which may be to render the image "less dense" as higher frequency information is attenuated. There is evidence for example that the upper motion displacement threshold (D max ) increases after lowpass spatial frequency filtering (Morgan, 1992) . Furthermore, positive dioptre optical blur, which is known to degrade high spatial frequencies (Westheimer and McKee, 1980) , can improve global motion perception in RDK displays (Barton et al., 1996) . One notable difference between younger and older adults' performance was that, whilst younger adults demonstrated the expected deterioration in performance at small image sizes, older adults' performance was relatively unaffected by changes in image size. Younger adults exhibited poorest performance at the smallest image sizes. Performance improved markedly as image size initially increased and then became asymptotic at the largest aperture sizes tested. These findings may reflect the gradual encroachment of the RDK on the peripheral retina. Images in the visual periphery are effectively blurred relative to those in central vision due to high spatial frequency attenuation and hence poorer spatial acuity. Indeed, the blur-related advantage of high spatial frequency attenuation has been put forward to account for the finding that D max is greater in peripheral vision (Baker and Braddick, 1985; Cleary and Braddick, 1990 ). In the case of older participants, if the image is blurred in the fovea as well as the periphery, performance would be unlikely to deteriorate appreciably as the image size is reduced, given that high spatial frequencies are attenuated in both the periphery and the fovea.
VISUAL ATTENTION
Location-selective selective attention mechanisms operate early in visual processing (Cave and Bichot, 1999) and differences in attentional strategy and ability between older and younger adults are commonly found (e.g., Allen and Payne, 2012) . Older adults are less able than their younger counterparts to extract information from a cluttered visual scene (Sekuler et al., 2000) , show longer search times and larger set size effects than younger adults on visual search tasks (e.g., Madden, 2007) . They are less able to divide their attention between salient environmental information and irrelevant distractors and to select a visual target whilst ignoring the distractors (e.g., Owsley et al., 1998) . Older adults also show deficits on visual cueing tasks. They are slower to use cues, exhibit more errors than their younger counterparts and tend to have more difficulty distinguishing between valid and invalid cues (e.g., Hoyer and Familiant, 1987; Lincourt et al., 1997) . Changes in how older adults employ selective attention might predict changes in global motion processing with age. Indeed older adults' global motion performance appears to be predicted by their performance on tests of selective attention, whereas this does not appear to be the case for younger adults (Mapstone et al., 2008) . Our findings for global motion may reflect a more narrow field of attentional focus in older, compared to younger adults. It may in fact be advantageous for older adults to restrict their field of view to a narrower region of visual space. Vision in the periphery in older adults is particularly poor (HaegerstromPortnoy et al., 1999) . In real terms, this means that much of the information in the visual field may be invisible and, as such, effectively useless. As a result, older adults may attend to a narrow central window as a means of improving the quality of their vision. This notion fits with the zoom lens model of visual attention which predicts that reducing the window of attention improves resolution (Eriksen and Yeh, 1985) . Superior global motion perception for small display sizes may therefore reflect perceptual self learning/training in older adults in response to poor peripheral vision. This notion is consistent with recent evidence for training-related changes in the structure and function in the older adult visual system (see Lustig et al., 2009) .
CONCLUSIONS
We have shown that when the aperture within which a RDK stimulus is displayed is small, performance for determining the direction of translational global motion is markedly better in older, compared to younger, participants. These findings suggest that the normal aging process does not lead to a general decline in global motion. Indeed, in some cases, and in agreement with other studies, the normal (i.e., disease-free) aging process may be visually advantageous. As far as the neural underpinnings of our present findings are concerned, they are unlikely to be explainable simply in terms of gross differences in the spatial summation areas of younger and older participants. This is compounded by a lack of consensus in the existing literature as to what the effects of age on spatial summation actually are. In a similar vein, reduced GABA inhibition in older adults does not necessarily explain why their relative performance advantage is restricted to small image sizes. Our findings may reflect simple age-related reductions in sensitivity to high spatial frequencies but it remains to be seen if these are sufficient to account for the magnitude of the differences found at the smallest stimulus sizes. Finally, although age-related narrowing of the attentional field of view may help to explain why the older adults' performance is largely invariant with increases in image size, it does not necessarily explain why they are so much better at the task than the younger participants with the smallest RDKs used. We are currently exploring some of these possibilities in greater detail in our laboratory.
In conclusion, this preliminary study represents somewhat surprising findings that will require further study. Indeed, in many respects they raise questions, rather than providing answers. We show that our findings cannot be explained by changes in dot density but future studies should investigate the potential interplay between image size and different RDK parameters such as signal dot trajectory, dot size (which in our study was relatively large), dot speed, spatial displacement and motion sequence duration. In doing so, to verify the robustness of the findings, testing would also ideally be conducted in a larger sample of participants.
